Introduction
Decadal climate-regime shifts influence the physical and biological marine environments that support populations of fish in the North Pacific (Mantua and Hare, 2002; deYoung et al., 2008) . These regime shifts produce a "Red Queen effect" (van Valen, 1973 ) that frequently forces populations to change in response to physiological challenges and altered foodweb dynamics (Benson and Trites, 2002) . These responses involve plastic or selective shifts in life-history variables and feeding ecology. However, when populations cannot respond to local challenges, especially on short time-scales, the species' geographic distribution shifts, contracting from suboptimal environments and expanding into optimal habitats (MacCall, 1990) . These shifts in abundance complicate the identification of suitable population management units.
This study focuses on North Pacific walleye pollock (Gadus chalcogrammus) (¼ Theragra chalcogramma, 2006; Teletchea et al., 2006) , an abundant fish broadly distributed along the continental margins from the Yellow Sea in the Northwest Pacific to Puget Sound in the Northeast Pacific (Bailey et al., 1999a) . In the 1990s, the resource supported the world's largest fishery, representing 10% of the total harvest of marine fish (National Research Council, 1996) . Several features of pollock biology influence its stock structure. Pollock spawn in discrete locations in winter and early spring (Kendall and Nakatani, 1991) in at least 24 known areas (Bailey et al., 1999a) . However, these spawning areas are unlikely to harbour genetically discrete subpopulations, because of the potential for movement of adults and larvae between areas. Planktonic eggs hatch in 12 -22 d and potentially drift considerable distances in coastal currents (Hinckley, 1987; Hinckley et al., 1991) . Mature adults may also move between spawning areas, and the distribution of juveniles can shift to avoid the "cold pool" in the eastern Bering Sea (Bailey et al., 1995) . The semi-pelagic habit of pollock adults produces spatially homogeneous populations over larger areas (e.g. eastern Bering Sea; Kotwicki et al., 2005) .
Coastal current patterns likely play an important role in structuring populations of pollock by controlling the movement of early life-history stages. The Alaska Coastal Current flows inshore over a wide continental shelf in the Gulf of Alaska and is influenced by many shelf canyons and a complex shoreline (Hermann et al., 2002) . The current narrows and combines with the fast-moving Alaska Stream along the southern edge of the Alaska Peninsula. A portion of the Alaska Stream filters through passages in the Aleutian Island chain and feeds a northwestern current over the broad, shallow continental shelf in the southeastern Bering Sea (Stabeno et al., 2001) . These fast-moving currents, with seasonal flows as fast as 100 cm s 21 (Hermann et al., 2002) , are expected to transport planktonic larvae over long distances.
Pollock stock structure is also influenced by North Pacific climate cycles that produce shifts in both local abundance and range-wide distributions (Stepanenko, 1997; Shima et al., 2001) . In the North Pacific and adjoining seas, decadal ocean-climate changes alter primary and secondary productivity (Shuntov et al., 1996; Stabeno et al., 2001) and, hence, the abundance of mid-and high-trophic level fish (Vasil'kov and Glebova, 1984; Francis et al., 1998) . The abundance of several marine fish has varied by at least an order of magnitude over the past several decades in response to climate shifts (Spencer and Collie, 1997) . The effects of these environmental shifts on abundance have been incorporated into some harvest management strategies for pollock (e.g. Gulf of Alaska, A'mar et al., 2009), but have not been considered in defining the geographic extent of pollock stocks.
Management agencies currently recognize several fishery management regions for pollock. In the Northeast Pacific and Bering Sea, the North Pacific Fishery Management Council assesses populations separately in three areas: the Aleutian Islands, the eastern Bering Sea, and the Gulf of Alaska (Ianelli et al., 2008) . The possibility of finer spatial resolution of stocks is recognized in the Gulf of Alaska, based on different spawning times of aggregates around the Shumigan Islands and those in Shelikof Strait, a few hundred kilometres away (Dorn et al., 2008) . Two fishery regions are defined in the Russian Exclusive Economic Zone (EEZ) of the Bering Sea: a western Bering Sea stock in the Gulf of Olyutorski and a northern Bering Sea stock on the Navarin shelf from 1718E to the United States -Russia Convention line (Kotenev and Glubokov, 2007) . Abundance of pollock is considerably less in areas to the south along the coasts of Asia and North America. Countries there generally employ community-based management, which effectively divides pollock populations into small management units, regardless of biological indicators of stock extent.
Although the census sizes (n) of pollock populations are large, as evidenced by harvests in the millions of tonnes, genetic effective population sizes (n e ) may be much smaller. Genetic estimates of n e in other marine fish can be several orders of magnitude smaller than n (Hauser et al., 2002) . Genetic differences between populations may arise through genetic drift, especially if regional populations are isolated from each other by shoreline configurations or currents. Surveys of genetic-marker variability can potentially identify barriers between populations. In general, surveys of genetic markers, including allozymes (Iwata, 1975; Grant and Utter, 1980; Olsen et al., 2002) , mitochondrial (mt) DNA restriction fragment length polymorphisms (RFLPs; Mulligan et al., 1992; Shields and Gust, 1995; Kim et al., 2000; Olsen et al., 2002; Brykov et al., 2004) , microsatellites (Olsen et al., 2002; O'Reilly et al., 2004; Shubina et al., 2004 Shubina et al., , 2009 , and the pantophysin gene (Pan I; Canino et al., 2005) , show only weak population structure.
In this study, we used mtDNA cytochrome oxidase subunit I (COI) sequences to complement previous surveys of genetic variability among populations. Maternally inherited, haploid mtDNA markers experience greater levels of genetic drift, so higher levels of differentiation may appear between populations than with diploid nuclear markers. Inferences in previous studies of mtDNA variability were limited by small numbers of samples (Mulligan et al., 1992; Brykov et al., 2004) and by small sample sizes (Shields and Gust, 1995; Kim et al., 2000) that did not provide the statistical power to detect small differences between populations expected in a high gene-flow species (Waples, 1998) . In those studies, surveys of variability were based on RFLP analysis, which limited the types of statistical analysis that could be used to infer stock structure. In addition to mtDNA sequence data, we compared the results of genetic studies with those from surveys of morphological and meristic variability. This provided a contrast between long-term events indirectly influencing genetic variability, with short-term processes directly influencing growth, reproduction, and recruitment. Finally, we revisited the postulate (Grant et al., 2006 ) that some mtDNA haplogroups in pollock may be influenced by selection.
Material and methods

Samples, DNA isolation, and sequencing
Walleye pollock (n ¼ 383) were collected at eight spawning localities across the North Pacific (Table 1, Figure 1) . Some of the samples were used in previous surveys of allozyme, microsatellite, and mtDNA RFLP variability (Olsen et al., 2002; O'Reilly et al., 2004) . Fin clips were preserved in 95% non-denatured ethanol, and genomic DNA was extracted with a Qiagen Dneasy kit (Qiagen Inc., Valencia, CA, USA; note that reference to brand name does not imply endorsement by the National Marine Fisheries Service, NOAA) following the manufacturer's protocol. Additional sequences (n ¼ 50) of pollock from Puget Sound (Port Townsend, WA, USA) were included to extend the geographic range of this study. This sample consisted of a 410-bp fragment of COI (GenBank accession numbers DQ385429-DQ385443; Grant et al., 2006) .
A 630-bp fragment of mtDNA COI was amplified with the polymerase chain reaction (PCR) and primers COI gadid F (5 ′ atcacccgctgatttttctc 3 ′ ) and COI gadid R (5 ′ attgccccaagaattgatga 3 ′ ; )], and 728C (1 min), then by 25 cycles of 948C (30 s), 518C (30 s), and 728C (30 s), with a final extension at 728C (10 min). Amplicons were treated with ExoSAP-IT R (USB Corp., Cleveland, OH, USA) to degrade unincorporated primers and deoxynucleotides. PCR products were diluted to 6 ng ml 21 in dH 2 O and sequenced in both directions on a highthroughput capillary sequencer at the University of Washington High Throughput Genomics Unit (http://www.htseq.org). Unique haplotype sequences were deposited in GenBank (accession numbers EU715523-EU715584). GeneBank accession numbers are abbreviated (E23-E84; D29 -D43) for graphic presentation.
Statistical analysis
Haplotype (h) and nucleotide (Q p ) diversities were estimated with ARLEQUIN 3.11 (Excoffier et al., 2005) . Geographic structure was inferred from only the eight spawning-area samples, because the sample from the central Bering Sea likely consisted of fish from different spawning areas. The 630-bp sequences in these eight samples were trimmed to 410 bp to include the sample from Port Townsend for geographic analyses. These edited sequences produced similar summary statistics and a similar 95% parsimony network to haplotypes based on 630 bp, indicating that little information was lost by truncating sequences (Table 1, and Tables S1 -S3 in the Supplementary material). F-statistics and their analogue F-statistics were estimated with ARLEQUIN with 50 000 replicates to determine significance. F-statistics were estimated from haplotype frequencies, and F-statistics were estimated from both haplotype frequencies and sequence divergences between haplotypes. The HKY + I + G (I ¼ 0.695, a ¼ 0.604) substitution model was used, as determined with MODELTEST (Posada and Crandall, 1998) . Distributions of haplotype frequencies among samples were examined with the analysis of molecular variance (AMOVA) in ARLEQUIN, using an adjacent-sample pooling analysis to test for genetic breaks between populations (Buonaccorsi et al., 2004) . This procedure was warranted because the samples used here were distributed linearly along the coast, and because isolation by distance in pollock (O'Reilly et al., 2004) indicated that gene flow came predominantly from neighbouring populations. A 95% plausible parsimony network of haplotypes was constructed with TCS 1.21 (Clement et al., 2002) . Ambiguous connections between some haplotypes in the network were resolved with predictions from coalescence theory (Posada and Crandall, 2001 ). Isolation by distance was evaluated with Mantel's permutation test in IBDWS (Bohonak, 2002 ; http ://ibdws.sdsu.edu/~ibdws/distances.html) and was tested with F ST /(12F ST ) and geographic distances (km) between samples with 10 000 permutations.
Results
In the 410-bp dataset, 49 haplotypes were defined by 28 transitions and eight transversions at 34 polymorphic nucleotide sites. Haplotype diversity (h) ranged from 0.693 to 0.838 and was 0.779 overall. Nucleotide diversity (Q p ) ranged from 0.0025 to 0.0037 and was 0.0034 overall. The haplotype genealogy was relatively shallow, consisting of one widely distributed haplotype (E52) in 44% of the fish and many low-frequency haplotypes (Figure 2) .
The most abundant haplotype (E51) varied clinally across the North Pacific, from 0.34 in Japan to 0.50 in Port Townsend (Figure 3) . A closely associated haplotype (E52), differing by one substitution, exhibited a reverse cline, in which frequencies among samples varied from 0.42 in Japan to 0.01 in Port Townsend. Mantel's permutation test between F ST /(12F ST ) and geographic distance ( 
Discussion
The results of this study, together with previous results for allozymes and microsatellites, indicate a general lack of genetic heterogeneity among samples from the Northeast Pacific and Bering Sea that could be used to define stocks of pollock. However, a moderate level of divergence exists between Asian and North American stocks. Haplotype-frequency clines across the North Pacific indicate that gene flow between populations at this geographic scale is somewhat limited. Nevertheless, limited gene flow has not produced definable stocks at smaller scales over the species' range, and we hypothesize that decadal climate shifts produce shifts in pollock abundance and distribution that prevent the accumulation of genetic differences between stocks, as measured with neutral molecular markers.
Origins of haplotype-frequency clines
Before developing this hypothesis, we consider the effect of using mtDNA variability constrained by selection to infer population structure. A previous summary of RFLP and sequence mtDNA data from several studies putatively resolved two mirror-image haplogroup clines on each side of the North Pacific. These clines were interpreted to reflect selection, because of correlations with latitudinal gradients in temperature (Grant et al., 2006) . The present study confirmed the presence of haplotype-frequency clines across the North Pacific, but the shapes of the clines differed from those previously postulated by Grant et al. (2006) . The distributions of haplotypes based on sequences, rather than RFLPs, exposed the incorrect assumption that the common haplogroup in Puget Sound was homologous to the common haplogroup in Japan (this study). Hence, the haplotype-frequency clines resolved here extend across the North Pacific and are not mirror images of each other on each side of the ocean. A similar ocean-wide, mtDNA-frequency cline was observed in Atlantic cod (Gadus morhua) by Á rnason (2004) .
What are the origins of these clines? Associations between environmental variables and single-locus marker frequencies are often used to postulate the role of selection in shaping the clines (e.g. Slatkin, 1973) . However, it is difficult to identify ocean-wide environmental gradients that would act as drivers of the clines in pollock across the North Pacific and in Atlantic cod across the North Atlantic. Moreover, Marshall et al. (2009) failed to find evidence of positive selection in a study of the whole mtDNA genomes of these two species. The lack of an association between haplotype frequency and environmental variables across the North Pacific and the lack of a selective signal in the whole mtDNA genome of pollock indicate that selection is unlikely to be responsible for these frequency clines.
Alternatively, these clines may have arisen by chance from restricted gene flow (Vasemägi, 2006) or from gene flow across a contact zone (Barton and Hewitt, 1985) . A significant signal of IBD appeared overall across the North Pacific, but this was driven largely by comparisons between Asian and North American samples and not by restrictions on gene flow over distances of hundreds of kilometres in the sample-rich Northeast Pacific. This apparently scale-dependent IBD is typical of marine species (Bradbury and Bentzen, 2007) and is interpreted to be attributable to incomplete drift-migration equilibrium among populations (Bradbury and Bentzen, 2007) . Although populations of pollock may not be in drift-migration equilibrium following ice-age disturbances, the lack of IBD in the Northeast Pacific argues against the chance formation of these clines.
A more probable explanation for the clines invokes historical isolation across the North Pacific by ice-age cooling and contemporary gene flow across a mid-ocean contact zone. Coastal glaciations during the Pleistocene apparently led to ocean-wide isolations and divergences in several marine fish, including Pacific herring (Clupea pallasi; Grant and Utter, 1984) and Pacific cod (Gadus macrocephalus; Grant et al., 1987) , which show major genetic partitions in the central North Pacific or Bering Sea. The major genetic partition observed in the mtDNA haplotype frequencies in pollock also likely reflects divergence during ice-age isolations. Subsequently, those groups expanded into the central North Pacific, and gene flow across the contact zone led to clinal haplotype frequencies. Experimental studies would be required to determine whether these are stable clines maintained by gene flow between two adaptive groups, or whether they are transient clines that would disappear after a long period of gene flow (Barton and Hewitt, 1985) .
Stock structure
The major focus of this study, however, is on understanding shortterm influences on stock structure. The task of assessing historical trajectories of abundance of a marine species to set harvest levels begins with a definition of appropriate management units. However, the criteria for defining threshold levels of migration between management units or populations differ between fishery managers and evolutionary biologists (Waples and Gaggiotti, 2006; Waples et al., 2008) . Fishery definitions generally focus on short-term environmental and ecological processes that influence population abundance and resilience under harvest scenarios. Evolutionary definitions of populations, in contrast, consider longer-term processes that lead to reproductive isolation between populations and drive genetic shifts. Ecological criteria for defining management units are more appropriate, given the management directives for sustainable harvests (Begg and Waldman, 1999) .
In walleye pollock, allele-frequency shifts in the central North Pacific define two large ocean groups, but populations within these groups show little genetic differentiation from each other. Surveys with neutral genetic markers generally fail to resolve differences between populations on the same geographic scale (e.g. Olsen et al., 2002; O'Reilly et al., 2004) , whereas results of phenotypic surveys unanimously show regional, and often fine-scale, differences among populations (see review by Gustafson et al., 2000) . For example, morphological differences defined four major populations located in the southeastern Bering Sea, northern Bering Sea, western Bering Sea, and Aleutian Islands (Serobaba, 1978) . Contrasts in elemental profiles Table 1 .
Shifting-balance stock structure in North Pacific walleye pollock of the otoliths of larvae also corresponded to many of these areas (Severin et al., 1995; FitzGerald et al., 2004) . Patterns in parasite infections distinguished several groups of pollock in the Okhotsk Sea and western Bering Sea (Avdeev and Avdeev, 1989) . On a larger geographic scale, vertebral, gillraker, and fin-ray counts resolved 12 stocks across the North Pacific (Koyachi and Hashimoto, 1977) . Meristic differences also appeared between stocks in the Gulf of Alaska and those off the west coast of Canada (Koyachi and Hashimoto, 1977) . In the Bering Sea, simulations of catch-and-effort data defined a single dynamically independent population of pollock (Cope and Punt, 2009 ). In Canada, several discrete spawning areas were apparent, and length frequency data indicated little mixing of adults among many areas (Saunders et al., 1989) .
In contrast, surveys along a coast with neutral genetic markers generally do not find differences between populations on small geographic scales (Olsen et al., 2002; O'Reilly et al., 2004) . For example, allozyme frequencies (Sod-2) distinguished a genetic partition between subpopulations near Japan and in the southeastern Bering Sea (Iwata, 1975) , but this difference was not echoed by mtDNA data (Kim et al., 2000) . Genetic differences were also reported within and between the Gulf of Alaska and the southeastern Bering Sea, but some of these differences were inconsistent from year to year (Olsen et al., 2002) . Microsatellite DNA markers showed both transoceanic and small-scale differences, but the latter were inconsistent among years (O'Reilly et al., 2004) . However, results from three of the same microsatellite loci used by Olsen et al. (2002) did not detect this transocean difference. An AMOVA (Grant et al., 2006) of RFLP mtDNA haplotypes from Mulligan et al. (1992) indicated heterogeneity in the eastern Bering Sea, but the mtDNA data of Olsen et al. (2002) did not.
Despite the general genetic homogeneity among populations within regions, allele-frequency clines appeared for some molecular markers, indicating restricted gene flow. Shifts in frequencies of Pan I alleles appeared across broad oceanic areas and have been interpreted to reflect selection Canino et al., 2005) . Pan I alleles also showed significant shifts among populations of Atlantic cod in response to temperature (Case et al., 2005; Sarvas and Fevolden, 2005) . Although the use of these selected gene markers may produce biased estimates of some population parameters when neutrality is assumed, they can provide a clear evidence of geographic differences between stocks.
Taken together, phenetic and genetic methods revealed patterns of variation between subpopulations, but these differences were not always consistent across marker types, at the same spatial scales, or over time. One reason for the discrepancy between the small-scale differences among populations detected with phenetic methods and the general lack of spatial resolution with genetic methods is likely the different time-scales that influence phenetic and genetic variation. Morphological and meristic differences between fish in different areas can arise rapidly in response to changes in environmental variables affecting growth. In contrast, frequencies of molecular markers shift only over longer time-scales in response to random drift, which is expected to be insignificant on short time-scales because of the large effective population sizes in pollock.
Shifting-balance stock structure
The patterns of genetic variability in pollock may be explained by a shifting-balance stock structure that is influenced on short time-scales by environmental variability, in which subpopulations persist as long as local environmental conditions allow the completion of the species' life-history cycle (Smith and Jamieson, 1986) . Responses to decadal changes in ocean temperature and productivity are clear examples of a shifting-balance population structure. In the British Isles, for example, the abundance of warm-and cold-water species shifts in response to decadal changes in ocean temperatures (Genner et al., 2004) . In another example, the latitudinal extents of anchovy (Engraulidae) and sardine (Clupeidae) populations around the globe periodically expand and contract in response to shifts in ocean temperatures (Schwartzlose et al., 1999) .
These populations experience repeated cycles of local displacement or extinction, and recolonization. The North Pacific is characterized by sudden ocean-climate changes on decadal and centennial scales that greatly influence the abundance and distribution of marine species (Mantua and Hare, 2002) . These climate oscillations produce temperature shifts, large-scale current meanders, and disruptions in local upwelling that influence productivity and prey abundance. Pollock nursery areas diminish in size or disappear, even though the adults may persist (Wilson et al., 2005) . Survival at early life-history stages often depends on transport in mesoscale currents from spawning areas to inshore nurseries, away from cannibalistic adults (Schumacher and Stabeno, 1994; Wespestad et al., 2000) . Sudden changes in current patterns lead to atypical dispersals of larvae (Bailey et al., 1999b) , to local shifts in adult abundance, and to local extinctions (Vasil'kov and Glebova, 1984; Bailey et al., 1999a; Nishimura et al., 2001 ).
Short-term ocean-climate changes largely determine year-class abundance. Strong year classes often appear because of fortuitous ocean-climate conditions that reduce the mortality of larvae and juveniles. In the Okhotsk Sea, Bering Sea, and Gulf of Alaska, larval survival is greatest when warm temperatures follow spawning (Vasil'kov and Glebova, 1984; Bailey et al., 1995) . Enhanced survival in the Bering Sea, at least, can also result from reduced levels of cannibalism when juveniles move into shallow shelf waters away from offshore adults (Wespestad et al., 2000) . When unusually cool shelf waters prevent this separation, predation on juveniles by adults and other species greatly reduces the survival of the young of the year (Dwyer et al., 1987; Livingston, 1993) .
Recruitment of juveniles fluctuates considerably from year to year. In the eastern Bering Sea, 67% of the biomass in 1981 consisted of the 1978 year class (Bailey et al., 1999a) . That year-class bubble was synchronous among the Okhotsk Sea, western Bering Sea, Aleutian Basin, eastern Bering Sea, and the Gulf of Alaska. At other times, year-class strength among areas has not been synchronous (Dorn et al., 2008; Ianelli et al., 2008) . Large 1982 Large , 1989 Large , 1992 , and 1996 year classes appeared in the Bering Sea, but not in the Gulf of Alaska (Figure 6) . Conversely, the 1976 Conversely, the , 1977 Conversely, the , 1979 Conversely, the , 1988 Conversely, the , 1990 , and 1999 year classes were strong in the Gulf of Alaska, but not in the Bering Sea. These rapid asynchronous shifts in age classes indicate the independence of stocks in the Bering Sea and Gulf of Alaska and show a close coupling of pollock abundance with environmental variability. Shifts in abundance, in turn, influence patterns of dispersal and genetic connectivity between population groups.
In the past few decades, recruitment in some areas has dropped precipitously. In the late 1970s, biomass in the eastern Bering Sea declined, then recovered in the 1980s, dropped again in the early 1990s, and recovered in the mid-1990s and early 2000s, only to drop again over the past few years (Ianelli et al., 2008) . The Aleutian Basin spawning subpopulation, which reached a biomass of almost 2 million tonnes in the late 1980s, has nearly disappeared (Ianelli et al., 2008) . Although fishing may have contributed, in part, to these population fluctuations, climate-regime shifts have an overriding influence on larval transport systems and ecosystem productivity (Wespestad et al., 2000; Hinckley et al., 2001; Shima et al., 2001) and can lead to population declines. The cumulative effect of local extinctions and colonizations in pollock over long time-scales is expected to homogenize populations genetically. On short time-scales, regional environmental differences appear to produce phenotypically distinct populations, which are short-lived and do not accumulate genetic differences detectable with neutral molecular markers.
Conclusions
Patterns of mtDNA variability in pollock, together with the results of many studies of life-history variation and ecology, indicate poorly defined boundaries between regional stocks of pollock. Little genetic heterogeneity has been detected among populations within regions, despite a major subdivision across the Bering Sea and a weak pattern of isolation by distance, which indicate restrictions on dispersal. In this case, genetic homogenization appears to result from the "Red Queen" effects of subpopulation contractions, local extinctions, fissions, and expansions in response to low-frequency environmental variability. Under such circumstances, genetic differences between "populations" do not accumulate on small spatial and shorter temporal scales relevant to harvest management. Genetic markers are able to define only large evolutionary population units in pollock that encompass the populations that are the focus of stock assessments and harvest management. The analyses of phenotypic and demographic population traits in pollock are more important for identifying local populations, because these variables reflect the short-term environmental drivers of larval survival and recruitment. Hence, the combined results of genetic studies on pollock do not provide information that would alter the present practice of managing pollock on the scale of continental shelf regions.
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